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Abstract. Thin ﬁlm and coating technology has entered ﬁelds which may show signiﬁcant deviations from
classical coating applications where ﬁlms are deposited on plane, sometimes large substrates. Often surfaces
of small and irregularly shaped bodies have to be improved in respect to electrical, thermal or mechanical
properties. Film deposition and characterization on such small substrates is not a trivial task. This specially
holds for methods based on Physical Vapor Deposition (PVD) processes such as sputter deposition and
its ion- and plasma assisted varieties. Due to their line of sight nature a key issue for homogenous ﬁlms
is eﬃcient intermixing. If this problem is mastered, another task is the prediction and determination of
the ﬁlm thickness on single particles as well as on large scale ensembles thereof. In this work a mechanism
capable of uniformly coating up to 1000 cm3 of granulate with particle sizes ranging from approx. 10 μm
to 150 μm by magnetron sputtering is thoroughly described. A method for predicting the average ﬁlm
thickness on the particles is presented and tested for several diﬀerently shaped objects like microspheres,
irregular grains of sinter powder or micro diamonds. For assessing the ﬁlm thickness on single particles
as well as on particle ensembles several complementary methods based on optics, X-ray analysis and
gravimetry are employed. Their respective merits and limitations are discussed. Finally an outlook on
adapting the described technology for surface modiﬁcation by plasma based reactive and non-reactive
processes is given.
1 Introduction
The improvement of surfaces and interfaces by coatings
has gained tremendous importance during the last few
decades. The progress in up-scaling coating technologies
like reactive magnetron sputtering has made it possible to
apply ﬁlms not only to relatively small plane and smooth
substrates as e.g. optical components, but also to ap-
ply high quality coatings on large substrates like window
panes, solar cell panels or large sheet like components in
general [1–4]. On the other hand there is also a trend to
improve the mechanical, electrical, chemical or thermal
properties of small, complexly shaped objects. Interfaces
in modern high performance composite materials may be
optimized by coating the reinforcing particles. Films with
thicknesses in the range of the mean free path of conduc-
tion or heat carriers (electrons or phonons), i.e. around
and below 100 nm at room temperature, can signiﬁcantly
modify the electrical and thermal characteristics of the
material [5–7]. Catalytic coatings with thicknesses as low
as some nm can be applied to small carrier particles thus
making it possible to create catalyst materials with high
surface areas using only a minimum amount of often rare
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and expansive catalyst [8–10]. Also granulates and pow-
ders used in modern powder-metallurgical processes may
require surface modiﬁcations by coatings to either enhance
their sintering properties or to prevent the formation of
undesired phases [11–13].
Well established techniques for the surface modiﬁ-
cation of particular matter are liquid phase processes
like Electrochemistry or Sol Gel methods and gas phase
processes like ﬂuidized bed Chemical Vapor Deposition
(CVD). Their undisputable advantage is the complete em-
bedding of the particles to be coated within the material
source, for instance the electrolyte or the gas which per-
meates the suspended particles in a ﬂuidized bed [14–16].
Nonetheless, often the choice of coating materials is lim-
ited, for instance by the conductivity of the substrate,
by the availability of electrolytic solutions or by the exis-
tence of suitable precursor gases. Physical Vapor Deposi-
tion (PVD) and especially magnetron sputtering, on the
other hand, allows for basically a free choice of deposi-
tion materials. Materials can be deposited regardless of
their melting point and Oxides, Nitrides or Carbides can
be formed by choosing reactive processing routes [17]. The
system geometry can be chosen freely, e.g. bottom up or
top down, because the material sources remain in the solid
state in the case of magnetron sputtering. If more than one
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source is used then also the deposition of compound coat-
ings, gradient layers and multilayer systems becomes pos-
sible if the sources can be operated independently.
Nonetheless, the big disadvantage of PVD processes in
general is their line-of-sight nature due to the large mean
free path of the ﬁlm forming particles, which is in the range
of some mm to several cm depending on the pressure in the
deposition chamber [18]. Therefore within an ensemble of
particles the beam of ﬁlm forming atoms or ions is mostly
blocked by adjacent granules. Deposition happens only on
the particles which are exposed to the vapour beam on the
surface of the powder. Therefore it becomes clear that, if
particles are to be coated by PVD methods in general
and by magnetron sputtering in special the paramount is-
sue for coating uniformity is eﬃcient intermixing. There
are several phenomena which have to be tackled in this
respect: the change of intergranular adhesion under vac-
uum conditions as compared to ambient atmosphere, peri-
odic agglomeration during deposition, charging issues due
to the exposure to the magnetron plasma and the possi-
ble damage of the material to be coated by intermixing
mechanisms.
Once these issues are resolved, methods to predict and
to determine the ﬁlm thickness on the particles are im-
portant to be developed. As concerning the prediction of
the ﬁlm thickness, several key factors enter the theory: the
total volume of the granulate, the mean grain size, the par-
ticle shape which reﬂects in the trickling behaviour during
deposition and the friction properties of the single parti-
cles, inﬂuences agglomeration by intergranular forces. Fi-
nally, for the determination of the ﬁlm thickness on single
particles as well as on particle ensembles methods known
for coatings on large, plane substrates cannot readily be
transferred to small, sometimes irregular particles. There-
fore optical, physical analytical or gravimetric methods
have to be adapted to this problem to allow for a compar-
ison with theoretical predictions.
The above points will be tackled in systematic order
within the present paper: in Section 2 the underlying prin-
ciples and the basic set-up of the magnetron sputter de-
vice for coating granulates will be given. In Section 3 a
theoretical approach to the prediction of the mean thick-
ness of coatings on large ensembles of particles (up to 1014
granules) will be presented. In Section 4 the thickness of
deposited material on several types of particles of diﬀerent
mean sizes and shapes is assessed by diﬀerent complemen-
tary methods and compared to the theoretical predictions.
Section 5, ﬁnally, will discuss and summarize the results.
Possible upgrades of the equipment to modify the surfaces
of the particles by reactive and non reactive plasmas will
be presented.
2 Design of the deposition system
The basic features of the deposition system presented here
is a moveable container which contains the granules. The
container is freely positioned on a circular plate which is
tilted by a given angle. If the plate is rotated, the con-
tainer is lifted by small protrusions mounted on the plate
until its centre of gravity wanders beyond the protru-
sion. Then the container is gliding along the tilted sur-
face until it is stopped at the rim of the concussion vessel.
If one assumes the mass of a single cubic particle (side
length 50 μm, density 10 g/cm3) to be approx. 1 μg, then
for a lifting height of about H = 5 cm, upon neglect-
ing the friction between container and plate, conserva-
tion of energy yields the speed of the container v to be
v =
√
2gH = approx. 0.1 m/s. Considering the time for
stopping at the rim of the plate to be 0.1 s, then the iner-
tial force exerted onto one particle by the abrupt stop can
be calculated to be F = m·Δv/Δt = approximately 1 μN.
Following the calculation given in reference [19] the force
needed to separate one nm2 of Van der Waals bonded con-
tact surfaces can be estimated to be about 10–20 nN for
Al with a surface tension γ = 1.44 J/m2. Therefore the
inertial force exerted on the particles should be more than
suﬃcient to overcome the contact forces existing e.g. be-
tween the surfaces of two metal coated particles. On the
other hand these forces are low as compared to the Force
needed to separate for instance an area of 50× 50 μm2 at
a yield strength of 100 MPa, which amounts to 0.25 N. So
it can be expected that damage to the particles is unlikely,
even if crack initiation is not considered here.
Smaller versions of this mechanism as well as the rea-
sons for the choice of a very speciﬁc container geometry
are described in detail in references [20,21]. In the follow-
ing an upscaled set-up based on the same principle of a
rotating, periodically concussed container which is capa-
ble of coating 103 cm3 of granulate (which, if one again
takes particles of approx. 50 μm linear extension amounts
to about 1012 particles with an approximate surface of
72 m2) will be presented. Also modiﬁcations of the con-
tainer geometry and the optimization of the position of
the sputter sources in respect to the exposed surface of
the powder to achieve maximum deposition rates will be
discussed.
Based on the mentioned device of Schmid a new up-
scaled version has been developed replacing and optimiz-
ing the main parts such as the sputter sources and the
concussion vessel itself. Preliminary feasibility studies in
a 3D-CAD model (Fig. 1) helped dimensioning the new
system. Having a single big container oﬀers a better ra-
tio of loading capacity to volume compared to any other
system, for example three medium upscaled bowls. To
handle the high load of a big coating vessel and the re-
sulting forces, the mounting of the rotation mechanism
of the original system consisting of small coating vessels
has been replaced with a solid mounting driven by steel
gears. It can freely be tilted between α = 28◦ and 45◦.
Varying the angle of the concussion mechanism results in
diﬀerent forces exerted onto the particles and also in dif-
ferent coating rates as the distance between target and
substrate decreases the lower the angle α gets. Experi-
ments have shown that the coating rate is nearly doubled
when operated at α = 28◦ compared to α = 45◦. The
concussion plate, representing the biggest rotating part
has been designed to maximize the vessel size even fur-
ther, consisting of a ﬂat round plate with bolts for lifting
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Fig. 1. 3D-model of the upscaled sputter device showing the
main parts of the concussion mechanism.
the bowl perpendicular to the plate surface, arranged cir-
cular at the outer most edge. The lifting height can now
be adjusted by varying the amount of bolts.
The maximum size of the bowl is only limited by the
dimensions of the vacuum chamber (the cylindrical cham-
ber used here has a diameter of 45 cm and height of 40 cm)
as well as the sputter sources extended into the chamber.
As the bowl slides freely on the concussion plate, the ad-
ditional space required for the movement also needs to be
considered and the maximum diameter of the bowl was
found to be 300 mm. Particle ejection from the vessel,
once a problem when working with small containers, can
be completely avoided by adding a rim tilted 45◦ inwards
to the center of the bowl resulting in a geometry simi-
lar to a common concrete mixer. To limit the shadowing
eﬀect of the rim which would result in a decreased depo-
sition rate, two tiltable 4” sputter sources (ϕ = 0◦ to 20◦)
are installed in the top ﬂange allowing to direct the vapor
beam directly towards the substrate.
To align the sources and obtain maximum coating
rates, a transparent ﬂexible substrate (Black/White Laser
Transparency Film, Q-Connect) has been coated at the
two tilt extrema of the concussion plate which are 28◦ and
45◦. The sputter rate distribution of the sputter sources
was determined by measuring the light intensities of an
image taken with an optical transmission scanner as given
in Figure 2a. The shape of the coated foil was chosen to
be the surface of an ideal ﬂuid at a ﬁlling level of one liter
in the coating vessel as shown in Figure 2b.
A very large, nearly homogeneous area with similar
intensity distribution and clearly visible maxima of the
two sputter sources is observable. It was found that this is
independent of the tilt angle α of the concussion plate. The
outer most area with a length of about 2 cm and an area
of about 13% of the total exposed surface shows a clearly
visible gradient also marked in Figure 2a caused by the
rim obstructing the particle beam. The covered area even
increases to a maximum of 35% at a lower tilting angle of
α = 28◦ as the rim was optimized for operation at 45◦,
however the total rate increases as already mentioned due
to the decreased distance.
3 Prediction of the film thickness
on granulates for line-of-sight processes
As commonly known, the smaller a particle is, the higher
is the surface to volume ratio, resulting in long deposition
times for large total surfaces. To keep the deposition times
as low as possible to deposit the desired ﬁlm thickness, the
need of a reliable ﬁlm thickness prediction is evident. In
general the deposition rate R on plane substrates is the
relation of deposited ﬁlm thickness x in a certain amount
of time t as shown in equation (1) and can be easily de-
termined in an experiment
R =
x
t
. (1)
Taking into account that the diameter of granulates coat-
able with this device ranges from 150 μm to 10 μm the
total surface Atot of one litre spherical granulate ranges
from 24 m2 to 360 m2, which is quite large compared to
the area Aexpo exposed to the vapour beam (a few hundred
cm2), thus limiting the eﬀective deposition rate Re on a
single particle, leading to equation (2). In general, Aexpo
is depending on the coating geometry, and in this special
case is mainly inﬂuenced by the size of the container, the
angle between sputter source and container, the trickling
behaviour and the vapour beam distribution
Re =
xAtot
tAexpo
. (2)
As a ﬁrst approach the exposed area of the substrate is
approximated by a function depending on the volume of
substrate ﬁlled in the coating container while standing
still. The granular materials are assumed to have the be-
haviour of a ﬂuid, which is almost the case under ambient
conditions. This means that the surface of the granulate
is represented by a horizontal plane. The intersection of
the tilted container with this plane yields the shape of
the exposed surface. A semi-empirical study with a CAD
Software at two tilting angles (Fig. 3) led to the following
equation (3) with the ﬁtting constants Ax, tx and y0 and
the variable volume of the substrate VSubstrate
Aexpo = y0 + A1
(
1− exp
(−VSubstrate
t1
))
+ A2
(
1− exp
(−VSubstrate
t2
))
. (3)
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Fig. 2. (a) Distribution of intensity of sputtered particles at 45◦ tilted concussion plate. (b) Filling level of 1 litre ideal granular
substrate in the static situation.
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Fig. 3. Exposed area in relation to coated volume dependent
on the tilting angle of the large coating vessel.
In fact, this approximation is not quite accurate since the
trickling behaviour of the granulate degrades in vacuum. It
partly sticks to the bowl during operation under vacuum,
thus increasing the exposed area. In addition the exposed
area is not parallel to the top ﬂange anymore due the
eﬀective viscosity of the granulate. Therefore it is closer
to one sputter source at one side. Thus a single intensity
maximum develops as displayed in Figures 4a and 4b.
According to the Hertz-Knudsen-law the deposition
rate follows a 1/r2 relation where r is the distance be-
tween target and substrate. Comparing the distances of
the substrate surface in the static case with the dynamic
case a reduction from 20 cm to 15 cm can be assumed
(peak maxima to target) resulting in a doubled deposi-
tion rate. Experiments with diﬀerent mean particle sizes
ranging from 20 μm to 130 μm and diﬀerent shapes such as
spheres or diamonds with a shape close to truncated octa-
hedra have shown much more complex granulate distribu-
tions and so an empirical correction factor of the exposed
area of 1.5 to 3 is needed to obtain accurate results. This
factor is mainly related to the grain size and shape of the
granulate, and essentially independent of the target ma-
terial, indicating that the trickling behaviour is the main
reason for the correction needed. Finding an analytic ex-
pression describing the trickling under vacuum conditions
is therefore an interesting task needed to be discussed in
detail in future work.
The total surface area Atot is the surface of one sphere
ASphere times the total number of spheres n. n can be
expressed by the packing factor f and the result for Atot is
shown in equation (4). VSubstrate is the volume one wants
to coat and VSphere is the volume of one Sphere of the
granulate
Atot = nASphere
=
fVSubstrate
VSphere
ASphere
=
3fVSubstratefS
rS
. (4)
In addition a factor fS has to be considered in equa-
tion (4) which corresponds to the shape of the particles
with a mean radius rS . For spheres with smooth sufaces
it is 1 (for example glass microspheres) and needs to be
adjusted the more edged or rougher the surface gets. For
diamonds, which can be geometrically approximated by
truncated octahedra, the exposed area of a single grain
on the average is limited to about 1/3 of the total parti-
cle surface. As every part of the surface needs to be ex-
posed equally to the vapour beam the eﬀective total sur-
face needs to be considered and results in a form factor
of fS = 1.5. Elongated grains such as Magnesium doped-
Partially Stabilized Zirconium-oxide (Mg-PSZ) particles
are approximated with a cylindrical shape, with a height
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Fig. 4. (a) Distribution of intensity of sputtered particles at 45◦ tilted concussion plate dynamic situation. (b) Filling level of
1 litre granular substrate in a dynamic situation.
Table 1. Coating times for diﬀerent substrates at two tilt-
ing angles of the bowl at constant rates, calculated with the
prediction model.
rS [μm] t [h]
Substrate α = 28◦ α = 45◦
HGM 19.03 14.2 23.4
Mg-PSZ 20.59 19.7 32.4
Diamonds 135 3 4.9
to radius ratio of h = 3r, resulting in the same ratio of
total surface to eﬀective exposed area as diamond grains.
Combining equations (2) and (4) leads to equation (5)
where either the necessary sputter time t or the ﬁlm thick-
ness x can be predicted
x =
rSRtAexpo
3V SubstrateffS
. (5)
This equation uses well known input parameters besides
the semi empiric value Aexpo, which needs to be deter-
mined more precisely in the future. The deposition rate
at certain sputtering powers and vessel geometries can be
easily determined in an experiment, the amount of sub-
strate to be coated can be measured and the packing fac-
tor is often given by the manufacturer of granular mate-
rials. To show the validity of equation (5), the theoretical
prediction will always be compared to the experimental
results in the next sections. In conclusion the derived ex-
pressions can be used to predict e.g. the time needed to
achieve a given Copper ﬁlm thickness (x = 50 nm) as done
in Table 1 for diﬀerent substrates (each 1 litre) and angles
at constant coating rates.
4 Film thickness measurement methods
To assess the ﬁlm thickness on a speciﬁc granulate mul-
tiple methods are used, which will be discussed in detail
and then will be compared. Since every evaluation method
is only valid within some restrictions a substrate where
all methods can be used will be discussed, i.e. Hollow
Glass Microspheres (HGMs) S38 manufactured by 3M,
commercially available in large quantities. The target ma-
terial mainly used will be copper which is a good compro-
mise in the matter of cost, sputter yield, target cooling
and maximum power at which targets can be operated.
The samples presented in this chapter are prepared us-
ing two 4-inch Cu-targets each operated at a DC power
of 1 kW (U = 500 V, I = 2 A) at an Argon pressure
of 0.4 Pascal. At this given gas pressure and due to the
high distance between substrate and target (∼15–20 cm)
particle – plasma interactions as e.g. particle charging or
a dusty plasma [22,23] are unlikely. Furthermore there is
no interaction between the plasma sources in simultane-
ous operation observed, as the Voltage and Current is the
same when operated solo.
4.1 Gravimetric measurement
A very simple and eﬀective method to determine the ﬁlm
thickness x is to measure the increasing mass m of the
substrate and calculate the ﬁlm thickness according to
equation (6)
x = rS
(
3
√(
mfilm
ρfilmffSVSubstrate
)
+ 1− 1
)
. (6)
This equation can be derived by distributing the measure-
able mass increase mfilm = Vfilmρfilm equally to all n
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Fig. 5. (a) Particle size distribution of HGMs with marked surface weighted mean diameter. (b) Increasing mass and calculated
ﬁlm thickness of copper coated HGMs.
spheres with a volume of VSphere with a mean sphere ra-
dius rS . By using the packing factor f = 0.6 ± 0.05 (as
already used in Eq. (4)) the amount of spheres n contained
in the coated total volume VSubstrate can be calculated. It
is about 1019 spheres per litre (mean radius rS ∼ 19 μm).
As already discussed earlier, fS is the form factor of the
granular material and in case of spheres as shown here
fS = 1. Since the results represent a mean thickness they
give no information on the thickness homogeneity. In ad-
dition the density of the sputtered ﬁlm, in case of a single
material ﬁlm, is approximated with the bulk density of
the material sputtered. Ejected particles would also inﬂu-
ence the results since the total surface gets reduced during
coating. However, this eﬀect is not present in the current
sputter device. The detailed measurement procedure is as
follows: (i) weigh empty container; (ii) weigh ﬁlled con-
tainer; (iii) weigh coated and ﬁlled container; (iv) weigh
empty but still coated container.
The largest inﬂuence in calculating the ﬁlm thickness,
of course, is the mean particle radius rS . Getting access to
this parameter is therefore an important task which can
be accomplished by measuring the diameter of the par-
ticles. As an example the diameter of about 103 HGMs
has been measured by image analysis of several SEM im-
ages. The particle size distribution can be seen in Fig-
ure 5a. Another possible method which delivers represen-
tative diameters of arbitrarily shaped particles would be
laser diﬀraction particle size analysis (for instance: Sym-
patec, HELOS/BR [24]).
Due to the fact that only the surface is coated it is
intuitive to weigh the particle diameter in respect to the
mean surface which is done by ﬁrst calculating the sur-
face of each particle Ai with a measured diameter di, av-
erage this data to a mean surface Amean of a representa-
tive sphere and afterwards recalculate the surface weighed
mean surface weighed diameter dmean(A) as seen in equa-
tion (7). A similar approach can be done with the volume
(volume weighed)
Amean =
1
n
n∑
i
Ai → dmean(A) =
√√√√
n∑
i
d2i π
πn
. (7)
The size distribution of HMGs would result in diameters
of 14.21 μm, 19.03 μm and 23.71 μm, not weighted, sur-
face weighted, and volumetric weighted mean diameters
respectively.
Keeping the sputter parameters inﬂuencing the depo-
sition rate (e.g. power, distance between substrate and
target) constant and just increasing the deposition time,
a linear mass increase is observed (Fig. 5b), the ﬁlm thick-
ness can be calculated and the results are coinciding well
with the prediction model.
4.2 Optical microscope
Measuring the ﬁlm thickness for transparent substrates
and absorbing ﬁlms based on Beer-Lamberts law (Eq. (8))
is a common method although not often used on small par-
ticles because additional precautions have to be met which
will be discussed here. The transmission T of a monochro-
matic EM-wave through an absorbing medium (extinction
coeﬃcient α) is given by:
T =
I
I0
= e−αd. (8)
The measurement in general is based on comparing inten-
sities of a light beam before (I0) and after passing a cer-
tain substrate (I) in dependence on the thickness d and
the extinction coeﬃcient α. As the material the granulate
is coated with is well-known, the extinction coeﬃcient is
also well deﬁned. The intensities I0 and I can be deter-
mined by evaluating the RGB channels of an image taken
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Fig. 6. (a) Homogeneous ﬁlms on HGMs picture using an optical microscope. (b) Inhomogeneous ﬁlms on HGMs. (c) Evaluation
of the ﬁlm thickness using the extinction coeﬃcient at λred = 580, λgreen = 523, λblue = 477; thick ﬁlms cause a saturation as
the light can’t penetrate the ﬁlm any more (red frame).
with a common optical microscope or a high resolution
scanner. To get proper images for the ﬁlm thickness eval-
uation, a single layer of granulate needs to be prepared
and agglomerations should be avoided. By subtracting the
background and using a proper object identiﬁcation soft-
ware, single objects can be isolated and the intensities
can be extracted which then can be used to calculate a
ﬁlm thickness according to equation (8). Typical pictures
of homogeneous and clearly visible inhomogeneous copper
coated spheres can be seen in Figures 6a and 6b. By taking
several pictures the amount of spheres measured can eas-
ily range up to 1000 and therefore provide good statistics.
In Figure 6c one can see well ﬁtting measurement values
compared to the theoretical prediction at coating times
up to 3.5 h and a ﬁlm thickness of about 13 nm.
The transmission intensity at a certain wave length
is dependent on the ﬁlm thickness and only amounts to
approximately 5% at a thickness of d = 50 nm at a wave-
length of λ = 523 nm [25] for Cu. The CCD chip of the
microscope uses the following wavelength: λred = 580,
λgreen = 523, λblue = 477. As we have coated spheres and
the light needs to pass the ﬁlm twice, the theoretical limit
of a still measurable ﬁlm thickness would be about 25 nm
in case the ccd chip of the camera or the scanner uses
this given wavelength. Experiments have shown a satura-
tion (as marked in Fig. 6c, red frame) at a maximum ﬁlm
thickness of about 15–20 nm copper ﬁlm thickness which
corresponds to the theoretical limit quite well.
4.3 Scanning electron microscope
Using an imaging technique has the advantage of obtain-
ing visual information on the ﬁlms and the ﬁlm thick-
ness itself. A Scanning Electron Microscope (SEM) allows
much higher resolutions compared to a common optical
microscope and detailed analysis of the HGMs surface as
seen in Figure 7a. The copper coated spheres provide the
necessary electrical conductivity for SEM imaging and the
low contrast diﬀerence and smooth looking surface indi-
cates a homogeneous ﬁlm thickness distribution. The small
bright dots, enlarged in the inset of Figure 7a represent
the anti caking agent (silicid acid) applied by the sphere
manufacturer to supress agglomeration under atmospheric
conditions. Breaking the coated HGMs oﬀers easy access
to the cross section and requires no further preparation
as needed for example for a TEM lamella. While breaking
the spheres no ﬁlm delamination is observed and it even
seems that the anti caking agent (Fig. 7b) adhesion is sup-
ported by the coating as no peeling occurs. In general the
ﬁlm adhesion on a substrate of choice can be inﬂuenced
by a plasma cleaning pretreatment which is planned to be
implemented in the coating device and discussed in the
outlook of this paper. The only requirement to assess the
ﬁlm thickness is a broken edge perpendicular to the in-
coming electron beam. In Figure 7b once again the very
homogeneous ﬁlm can be observed, the thickness varying
at the sub nanometer scale. Due to the small sample size
of analysed spheres and the need of a minimum ﬁlm thick-
ness of about 25 nm for reasonable images the SEM can
only be used as a spot check of the results acquired with
the measurement methods presented before.
4.4 EDX-penetration depth
Electrons with diﬀerent energies have a certain penetra-
tion depth in diﬀerent materials depending on their atomic
number Z. Since the excitation volume of an electron
beam of a SEM capable of Energy Dispersive X-ray anal-
ysis (EDX) is dependent on the penetration depth, one
can obtain a depth proﬁle of the chemical composition.
By increasing the ﬁlm thickness the electron beam is get-
ting more and more absorbed in the layer which results
in a decreasing signal of the substrate and an increas-
ing signal of the ﬁlm. Complete penetration of the layer
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Fig. 7. (a) Surface of copper coated HGMs with a homogeneous layer; inset: anti caking agent. (b) Cross section of a 7.5 h
copper coated HGMs.
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Fig. 8. (a) Chemical composition measured with 5 kV acceleration voltage of diﬀerent coating times. (b) Film thickness
calculated using chemical composition and penetration depth.
and the substrate underneath would result in incorrect
quantiﬁcation of the chemical composition. Since very thin
layers are evaluated and the HGMs wall is just about 1 μm
thick, it is necessary to operate at a very low electron ac-
celeration voltage Uacc which, however, is still high enough
to excite the observed elements. In Figure 8a one can see
the linear increase of the atom percentage of copper at
increasing coating time while Silicon and Oxygen signals
are decreasing (measurements taken at Uacc = 5 kV). The
more than doubled Oxygen content compared to Silicon
results from the composition of the HGMs which are made
of borosilicate glass and therefore contain besides mainly
SiO2 also other oxides like B2O3 or Al2O3. According to
Win X-Ray [26] simulations the theoretical maximum pen-
etration depth of electrons with an energy of 5 keV is
about 100 nm and 400 nm in Cu and SiO2, respectively.
The electron beam should therefore not totally penetrate
the sphere shell. Nevertheless, ﬁtting the Si concentration
to the point where the composition is 0 at% Si would result
in 15.55 h coating time and a Cu-ﬁlm thickness of 54 nm.
Measuring thicker ﬁlms at 5 kV is therefore impossible as
a relation of 0% SiO2 to 100% Cu would suggest the pres-
ence of bulk copper. To avoid incorrect results, the EDX
signal was acquired at areas of about 50% of the sphere
diameter to ensure that pores or cracks in the ﬁlm can
be neglected, as the electron beam would penetrate these
defects much more than a homogeneous dense ﬁlm.
By ﬁtting the EDX data with the ﬁlm thickness as-
sessed from cross sections, and comparing it with the
prediction model and the other ﬁlm thickness evaluation
methods discussed in this paper a relation of 1 at% ∼
0.6 nm can be established. As already mentioned this cal-
ibration factor found is valid for copper ﬁlms as long as
the silicon substrate is monitored independently of the de-
position parameters of the ﬁlm on HGMs. The calculated
ﬁlm thickness is displayed in Figure 8b.
5 Discussion
Thin ﬁlms ranging from metals to oxides or nitrides can
be applied homogeneously on quantities of up to one litre
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of granular material e.g. hollow glass microspheres, dia-
monds or Magnesium doped- Partially Stabilized Zirconia.
The coating vessel and agglomeration suppression mech-
anism necessary to sustain trickling are an upscaled
version of the special coating geometry developed by
Schmid [20,21]. By rearranging the sputter sources and
tilting them towards the bowl it was possible to apply a
rim to the coating vessel totally supressing particle ejec-
tion while shading eﬀects are kept to a minimum. A semi
empiric model to predict the ﬁlm thickness has been devel-
oped, valid for arbitrary shaped particles and sizes. Fac-
tors inﬂuencing the calculation such as the vapour beam
exposed surface area or trickling behaviour have been ap-
proximated analytically but still need further improve-
ment. The thickness calculations have shown their good
accuracy as compared with diﬀerent methods of ﬁlm thick-
ness determination:
– Gravimetric: measuring the weight gain of coated gran-
ulate and distributing it to all the particles equally, of-
fers the possibility to calculate the ﬁlm thickness with
high precision but granting no information on the ho-
mogeneity.
– Optical: optical ﬁlm thickness determination, provid-
ing good statistics on large ensembles of granulates,
is limited to transparent substrates. Reliable results
comprising average thickness, global ﬁlm thickness dis-
tributions and ﬁlm homogeneity are obtained, as long
as the method is applicable.
– SEM/EDX: relating the chemical composition ob-
tained from EDX spectra based on the diﬀerent grade
of absorption of the electron beam to a certain ﬁlm
thickness oﬀers an indirect way to assess the ﬁlm thick-
ness. Nevertheless, statistics are rather small and only
spot checks of the ﬁlm thickness can be done by mea-
suring the ﬁlm thickness of cross sections.
Combining the introduced measurement methods for cop-
per coated hollow glass microspheres as displayed in Fig-
ure 9 provides a consistent picture. The described meth-
ods yield the same results where thickness measurement
is possible and cover diﬀerent complementary thickness
ranges.
6 Conclusion and outlook
In conclusion a system has been presented which allows
for coating approximately 1 litre of granulate irrespective
of particle shape and size. A method for the prediction of
the ﬁlm thickness on the particles has been developed and
was tested by several complementary methods of thick-
ness determination. The coating system is capable of im-
plementing a plasma close to the granular substrate thus
oﬀering additional possibilities of surface treatment and
modiﬁcation.
To get further information on the ﬁlm structure, and
even assess the ﬁlm thickness, the electrical conductiv-
ity of metal coatings of coated granulates can be mea-
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Fig. 9. Film thickness prediction and evaluation methods
compared.
sured. For that a powder needs a compressing force to be
connective. A device will be built consisting of two cop-
per cylinders which compress the powder with a tuneable
force, similar to references [27,28]. Another task of future
work will be the surface pretreatment of granular mate-
rials by plasma etching, representing a common method
often implemented in sputter processes. The coating vessel
has therefore been already electrically insulated and set on
high negative potential to localize the plasma within the
bowl. To intensify the plasma a magnetic system, sim-
ilar to a magnetron has been developed to ﬁt into the
central cone of the coating vessel. Meander shaped mag-
netic loops have been placed on an Iron cone as seen in
Figure 10a. The magnetic orientation is perpendicular in-
wards and outwards, coloured red and green respectively.
Igniting the plasma results in a starﬁsh formed racetrack
(Fig. 10b) with six loops located inside of the coating
vessel.
Rotating the coating vessel also rotates the magnetic
ﬁeld as well as the granular substrate and allows the ion
bombardment of the granulate surface, cleaning it, chang-
ing its morphology or chemically activating it if reactive
gasses are introduced. However, detailed experiments need
to be performed to allow for a qualitative and quanti-
tative analysis of the eﬃciency of this cleaning process.
Up to now only non ferromagnetic particles have been
coated and therefore the inﬂuence of the magnetic ﬁeld
on the trickling behaviour needs to be determined in fu-
ture experiments.
This work is supported by the Austrian “Fonds zur Fo¨rderung
der Wissenschaftlichen Forschung” (FWF) under Grant Nr.:
TRP-281-N20. SEM Investigations were carried out using fa-
cilities at the University Service Centre for Transmission Elec-
tron Microscopy (USTEM), Vienna University of Technology,
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Fig. 10. (a) Magnetic system for plasma etching of granular materials. (b) Ignited plasma – starﬁsh shaped racetracks.
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